Background: NDRG1 is an important iron-regulated metastasis suppressor that plays an undefined role in the stress response. Results: We demonstrate that NDRG1 suppresses the stress-induced, pro-survival autophagic pathway. Conclusion: Suppression of the autophagic pathway by NDRG1 makes cells more susceptible to apoptosis. Significance: These results indicate an important new mechanism through which NDRG1 exerts its metastasis suppressor activity.
N-myc downstream regulated gene 1 (NDRG1) 7 is a well established metastasis suppressor in a number of cancers including colon, prostate, and breast cancer (1) (2) (3) (4) (5) . NDRG1 has been comprehensively characterized with the gene cloned and the protein sequenced (6 -8) . In addition, extensive information has been reported regarding its biochemistry and molecular genetics (8, 9) . There are also data describing NDRG1 as predominantly localized in the cytosol and to a lesser extent the nucleus and plasma membrane (10, 11) .
NDRG1 is also recognized as a significant stress response gene and is regulated by a number of stress stimuli (12) (13) (14) (15) . These include iron chelation (14) , nickel compounds (15) , cobalt (16) , hypoxia (17) , oxidative stress (11) , and tunicamycin (13) . NDRG1 has been shown to inhibit metastasis and tumor progression via its effects on a variety of critical cell signaling pathways involved in proliferation, locomotion, and oncogenesis e.g. AKT, TGF-␤, ROCK1/pMLC2, Ras, WNT, etc. (18 -21) . The ability of NDRG1 to affect such a diverse range of signaling pathways indicates that it is well upstream of these pathways and, thus, can affect many different biological processes. Considering its effects on these molecular networks, further studies examining NDRG1 are essential to dissect its role in downstream cell survival pathways, such as autophagy, which can modulate metastasis (22) .
Autophagy is an evolutionarily conserved catabolic process that occurs in response to stress that involves lysosomal degradation of unnecessary or damaged organelles, cellular constituents, and misfolded proteins (23) . This recycling process is cyto-protective and helps to maintain cellular functioning under the influence of stress stimuli (24) . Autophagy is crucial for maintenance of cellular homeostasis, "quality control," defense against intra-and extracellular insults, and maintaining cellular energy status (25) . This function is achieved through its ability to provide essential macromolecules derived from the degradation and recycling of intracellular components (25) . The autophagic pathway has been previously shown to be an important regulator of tumor progression and metastasis (22, 23, 26) .
The mechanism of autophagic degradation begins with sequestration of cytosolic proteins and/or organelles into a double membrane-lined structure called the autophagosome (27) . The mature autophagosome fuses with a lysosome to form the autolysosome (27) . The hydrolases in the lysosome catabolize the contents of the autophagosome and release nutrients back into the cytoplasm for reuse (27) . This recycling of damaged proteins and organelles protects the cell from stress conditions. Under conditions where autophagy is inhibited, stress can result in irreparable cellular damage, leading to apoptosis (28) .
The unfolded protein response is another pathway that is involved in maintenance of cellular homeostasis (29) . It is upregulated by the accumulation of excessive unfolded/misfolded proteins in the endoplasmic reticulum (ER) lumen (29) . There are three well characterized pathways that can detect and respond to ER stress caused by unfolded/misfolded proteins: 1) protein kinase-like endoplasmic reticulum kinase (PERK), 2) inositol-requiring transmembrane kinase and endonuclease 1 (IRE1), and 3) activating transcription factor 6 (ATF6) (30) . The PERK axis of the ER stress pathway has been described to upregulate the autophagic "machinery" leading to cyto-protective effects (31) . Moreover, ER stress-mediated through PERK directly induces increased phosphorylated eIF2␣ (p-eIF2␣) levels, which leads to initiation of autophagosome formation (29, 31) .
Iron is an essential element involved in a variety of metabolic pathways including DNA synthesis and energy generation (32) . As such, iron is required in greater amounts by cancer cells than their normal counterparts (32) . In contrast to traditional iron chelators such as desferrioxamine (DFO; Fig. 1A ), recent studies have indicated that rationally designed iron chelators of the di-2-pyridylketone thiosemicarbazone class (e.g. di-2pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT); Fig. 1B ) possess potent and selective anti-tumor activity (33) as well as marked anti-metastatic activity in vitro and in vivo (19, 21, 34) . Unlike DFO, the novel thiosemicarbazones form intracellular redox-active iron and copper complexes that play a critical role in their anti-tumor activity (35) . One of the impor-tant targets of these agents is the metastasis suppressor, NDRG1, which is up-regulated by hypoxia-inducible factor-1␣ (HIF-1␣)-dependent and -independent mechanisms via cellular iron depletion (14, 36) .
Because NDRG1 functions as a stress response protein and since autophagy is also up-regulated during stress, we examined the effect of NDRG1 on the autophagic pathway. Currently, nothing is known regarding the role of autophagy in the molecular mechanism of how NDRG1 is involved in inhibiting metastasis. In this study, we demonstrate that a novel redoxactive iron chelator of the di-2-pyridylketone thiosemicarbazone class, namely, Dp44mT, effectively induces ER stress, leading to initiation of the autophagic pathway. Hence, we have used Dp44mT as a stress signal for the induction of this process. We show that NDRG1 overexpression suppresses the stressinduced autophagic response in cancer cells via suppression of the PERK/eIF2␣ stress pathway. Our studies also indicate that NDRG1-mediated suppression of the pro-survival autophagic pathway could play a role in its anti-metastatic effects by inducing apoptosis.
MATERIALS AND METHODS
Chelators-The chelator, Dp44mT, as well as the related di-2-pyridylketone thiosemicarbazone control compound, di-2pyridylketone 2-methyl-3-thiosemicarbazone (Dp2mT; Fig.  1C ), which cannot bind iron or other metals, were prepared and characterized as described previously (37, 38) . DFO was purchased from Sigma.
Cell Culture-The human pancreatic cancer cell line PANC1, the human colon cancer cell line HCT116, and human prostate cancer cell line DU145 were purchased from the American Type Culture Collection (Manassas, VA) and grown under established conditions (37°C, 95% air/5% CO 2 ) in the presence of medium containing 10% fetal calf serum (FCS; Invitrogen). The cells were incubated with control medium or Transfections-The NDRG1 overexpression clone of the PANC1 cell line and its vector-transfected counterpart were generated by standard procedures (20) . The antibiotic, G418 (300 g/ml; Sapphire Biosciences, Waterloo, Australia) was used as a selective agent to maintain the transfected population (20) . The NDRG1 overexpression and knockdown clones for HCT116 were established as described (19) . In this latter cell line, puromycin (2.5 g/ml; Sigma) was used as a selection agent to obtain stable single clones (19) . The NDRG1 overexpression clone of the DU145 cell line was established as described previously (21) .
Gene Silencing by Small Interfering RNA-PERK knockdown using PERK small interfering RNA (siRNA) was performed using the manufacturer's protocol. Briefly, at 50 -60% confluence, cells were transfected with either PERK siRNA (catalog #9024, Cell Signaling Technology, Beverly, MA) or a scrambled control (catalog #6568, Cell Signaling Technology) for 24 h at 37°C using Lipofectamine 2000 (Invitrogen). Then the cells were further incubated in normal growth medium supplemented with FCS for an additional 48 h at 37°C.
Immunofluorescence-Immunofluorescence was performed according to standard procedures (21) . Briefly, cells seeded on coverslips were fixed with ice-cold methanol (Sigma) for 10 min followed by permeabilization with 0.1% Triton X-100 for 10 min at room temperature. The cells were then blocked with 10% bovine serum albumin in phosphate-buffered saline, 0.1% Tween followed by an overnight incubation (4°C) with the primary antibody, anti-LC3 (Abacus, Brisbane, Australia; catalog #MBPM036; 1:1,000). This procedure was followed by an incubation with the fluorescent Alexa Fluor 488 ("green") conjugated secondary anti-rabbit IgG (HϩL; Invitrogen, catalog #11008; 1:1,000) for 1 h at room temperature.
After final washes with PBS, the coverslips were mounted using an anti-fade mounting solution containing 4Ј,6-diamidino-2-phenylindole (DAPI; catalog #P36935, Invitrogen), and images were examined and captured using an Olympus AxioObserver Z1 fluorescence microscope (Olympus; Mt. Waverley, VIC, Australia) with a 63ϫ oil objective.
Western Blot Analysis-Preparation of cell lysates and Western blot analysis were performed via established protocols (39) . Primary antibodies used include NDRG1 (catalog #ab37897; 1:1,000) from Abcam (Cambridge, UK), LC3 (catalog #MBPM036; 1:2,000) from Abacus (Brisbane, Australia); eIF2␣ (catalog #9722; 1:2,000), p-eIF2␣ (catalog #9721; 1:1,000), PERK (catalog #3192; 1:1,000), caspase-4 (catalog #4450; 1:1,000), caspase-3 (catalog #9665; 1:1,000), Bcl-2 (catalog #2876; 1:1,000), and cleaved-PARP (catalog #9541, 1:1,000) from Cell Signaling Technology; p-PERK (catalog #649401; 1:1000) from Australian Biosearch (Balcatta, Australia), and ␤-actin (catalog #A1978, 1:10,000) from Sigma. The secondary antibodies implemented include horseradish peroxidase-conjugated anti-goat (catalog # A5420; 1:10,000), anti-rabbit (catalog #A6154; 1:10,000), and anti-mouse (catalog #A4416; 1:10,000) antibodies from Sigma. To ensure equal loading of proteins, membranes were probed for ␤-actin.
Caspase-3/7 Activity-The activity of caspase-3/7 was assessed using the Caspase-Glo 3/7 assay kit (Promega, Madison, WI) using the manufacturer's protocol.
Statistical Analysis-Results are expressed as the means Ϯ S.E. All experiments were performed at least three times and were compared using Student's t test. Data were considered statistically significant when p Ͻ 0.05.
RESULTS

NDRG1 Suppresses Iron
Chelator-mediated Accumulation of the Autophagic Marker, LC3-II-NDRG1 is a well known stress response gene (12) (13) (14) (15) , and it has been documented that the survival pathway mediated by autophagy is up-regulated during stress (24) . Considering the roles of iron chelation in inducing autophagy (40) and up-regulating the metastasis suppressor, NDRG1 (8, 14, 41) , it was important to examine the interrelationships involved, as these have not been investigated. This aim was particularly important, considering that autophagy is a prosurvival response (25) , and its regulation by NDRG1 could be relevant for understanding the effect of this latter molecule in suppressing metastasis (1) (2) (3) (4) (5) .
We have identified a new group of potent thiosemicarbazones, known as the di-2-pyridylketone thiosemicarbazone series (e.g. Dp44mT), that up-regulate NDRG1 (14, 36) to inhibit metastasis (19, 21, 34) . Dp44mT has a dual mechanism of action whereby it chelates intracellular metal ions to form cytotoxic redox-active complexes, which leads to cytotoxic reactive oxygen species (ROS) (37, 38, 42) . The effects of Dp44mT on cell survival pathways, such as autophagy, remain unknown and are critical to investigate considering that iron depletion up-regulates NDRG1 and induces autophagy (14, 40) . Previously it was shown that the iron chelator DFO induces autophagy, whereas other ligands, such as deferiprone and desferasirox, do not (40) . However, the molecular mechanisms involved in this response have not been elucidated, and further studies are required to examine the effect of iron deprivation on autophagy and its role in metastasis suppression via NDRG1.
Initial studies were performed to examine the effect of NDRG1 overexpression on LC3-II expression as a function of Dp44mT concentration (Fig. 2 , A and B) and incubation time ( Fig. 2 , C and D). In these experiments we utilized the well characterized PANC1 pancreatic cancer cell line stably overexpressing exogenous human NDRG1 (PANC1 N1) in comparison to their empty vector-transfected control cells (20) (PANC1 VC; Fig. 2 ). Previous studies have demonstrated that in this model NDRG1 plays an important anti-metastatic role by markedly affecting a variety of signaling pathways (20) .
In agreement with our earlier investigation (20) , exogenous expression of FLAG-tagged NDRG1 in PANC1 cells was detected in Western blots as a band of ϳ45 kDa ( Fig. 2A ). In addition, endogenously expressed NDRG1 (that is, NDRG1 expressed from the cell genome) was generally observed at ϳ43 and ϳ44 kDa (Fig. 2 , A and C), indicating possible phosphorylation or cleavage of the protein (43) (44) (45) . The endogenous 43-kDa band was clearly separated from the exogenous expressed NDRG1 at 45 kDa, enabling the assessment of their levels. In some blots an additional endogenous band appeared between the endogenous 43-and 44-kDa bands and, again, could be due to a post-translational modification. The densitometric analysis shown in this study represents the total of all NDRG1 bands. To examine the effects of iron chelation on NDRG1 and also autophagy, PANC1 VC and N1 cells were incubated with Dp44mT (0.1-5 M) for 24 h at 37°C. Dp44mT significantly (p Ͻ 0.05) increased the endogenous 44-kDa NDRG1 band relative to the control while having no significant (p Ͼ 0.05) effect on the lower 43-kDa endogenous NDRG1 band in the PANC1 VC cells ( Fig. 2A ). Similar results have been reported in our previous studies (20) . Examining PANC1 N1 cells, the FLAG-tagged NDRG1 protein at 45 kDa was markedly expressed under all incubation conditions, and increasing concentrations of Dp44mT had no effect on its expression ( Fig.  2A) .
As an initial assessment of autophagy after iron chelation, LC3-II levels in cells were assessed by Western blotting. LC3-II is a classical marker of autophagy as it directly correlates with the autophagosome number (46, 47) . In PANC1 VC and N1 cells, two bands were found at 18 and 16 kDa, which correspond to LC3-I and LC3-II, respectively (48) . The conversion of LC3-I to LC3-II via lipidation is a critical step in the formation of the autophagosome (46) . Upon incubation of PANC1 VC and N1 cells with Dp44mT, there was no significant (p Ͼ 0.05) increase in LC3-I expression as a function of concentration in each cell type ( Fig. 2A ). However, there was a slight, general decrease in the relative level of LC3-I in PANC1 N1 cells relative to PANC1 VC cells under most incubation conditions ( Fig. 2A ). Importantly, there was a marked and significant (p Ͻ 0.001-0.01) concentration-dependent increase in LC3-II after incubation with Dp44mT in both cell types, although this was significantly (p Ͻ 0.01) greater in PANC1 VC relative to PANC1 N1 cells at Dp44mT concentrations of 1-5 M (Fig. 2, A and B) . This observation indicates NDRG1 expression suppresses LC3-II levels. Similar results in terms of LC3-II expression were also found after 6 h of incubation with this concentration range of Dp44mT (data not shown).
Considering that LC3-II was highly expressed after an incubation of 24 h with Dp44mT at a concentration of 5 M ( Fig.  2A ), studies then examined the effect of increasing incubation time (6 -24 h) with this agent (5 M) on NDRG1 and LC3-I/II levels ( Fig. 2 , C and D). Examining PANC1 VC cells, an increase in both NDRG1 and LC3-II levels was observed as a function of time, with this becoming significant (p Ͻ 0.01-0.05) at 24 and 6 h, respectively. Again, in NDRG1 overexpressing PANC1 N1 cells, the levels of LC3-II observed after incubation with Dp44mT were significantly (p Ͻ 0.01-0.05) reduced relative to PANC1 VC cells (Fig. 2, C and D) .
Next, we directly examined LC3 expression using immunofluorescence to visualize autophagosomes (46) in PANC1 N1 and VC cells incubated for 24 h with control medium or medium containing Dp44mT at 1 or 5 M ( Fig. 2E ). Formation of autophagosomes was visualized as green punctate staining in the cytoplasm (46) with the nucleus fluorescing blue using DAPI (21) ( Fig. 2E ). The level of LC3 staining in autophagosomes ( Fig. 2E ) revealed similar results to those observed from the Western blot experiments ( Fig. 2A ) when probed with the same antibody. Indeed, relative to control PANC1 VC cells, incubation with Dp44mT (1 or 5 M) led to prominent punctate staining of LC3 consistent with its presence in autophagosomes ( Fig. 2E ). However, the intensity of the punctate LC3 staining seen in PANC1 N1 cells under all conditions was substantially less than that observed after incubation with Dp44mT in PANC1 VC cells ( Fig. 2E ). The investigations above demonstrate that NDRG1 expression suppresses the levels of LC3-II, suggesting the important role of this metastasis suppressor in inhibiting the pro-survival autophagic pathway in response to cell stressors.
NDRG1 Expression Also Decreases LC3-II Levels in Other Tumor Cell Types-To determine the generality of the above response, studies were also performed using the colonic tumor cell line, HCT116, stably overexpressing exogenous human NDRG1 (HCT116 N1) in comparison to their empty vectortransfected control cells (HCT116 VC; Fig. 3A ). Very similar results were observed in HCT116 VC or N1 cells compared with PANC1 cells in terms of NDRG1 and LC3-II levels after incubation with Dp44mT (5 M) for 24 h. LC3-II expression was significantly (p Ͻ 0.01) increased after incubation with Dp44mT in HCT116 VC cells, whereas NDRG1 overexpression in HCT116 N1 cells significantly (p Ͻ 0.05) suppressed LC3-II up-regulation ( Fig. 3A ). Similar observations demonstrating the suppression of LC3-II levels by NDRG1 overexpression were also observed using DU145 prostate cancer cells (data not shown).
To further examine the hypothesis that NDRG1 negatively regulates LC3-II expression, we used an established model of HCT116 cells with stably silenced NDRG1 using a short hairpin (sh) construct against NDRG1 (HCT116 sh-N1; Fig. 3B ) (19) . These cells were compared with cells transfected with scrambled shRNA (HCT116 sh-VC). In concordance with the results for the NDRG1 overexpression model, the silencing of endogenous NDRG1 (i.e. HCT116 sh-N1 cells) led to a marked and significant (p Ͻ 0.001) decrease in NDRG1 expression for both the control and Dp44mT treatments relative to HCT116 sh-VC cells (Fig. 3B ). Upon incubation with Dp44mT, silencing of NDRG1 significantly (p Ͻ 0.01) increased LC3-II expression in HCT116 sh-N1 cells relative to sh-VC cells treated with this agent (Fig. 3B ). These studies indicate that NDRG1 overexpression decreases LC3-II levels in both PANC1 pancreatic and HCT116 colon cancer cells, suggesting that it is not a cell typespecific response. 
NDRG1 Suppresses Autophagy
Dp44mT Initiates and NDRG1 Suppresses Autophagic Flux in Cancer Cells-Because autophagy is a dynamic process (27) , the observed increase in LC3-II expression and autophagosome formation upon treatment with Dp44mT ( Fig. 2 , A-E) could be due to either increased autophagosome formation (autophagic initiation) or decreased lysosomal-dependent breakdown of autophagosomes (autophagic degradation) (46) . To determine if these processes are involved in the observed increase in LC3-II and autophagosome levels ( Fig. 2E ), we utilized a well characterized late-stage autophagic inhibitor, bafilomycin A1 (100 nM) (46, 48) . This agent principally affects intra-lysosomal degradation by preventing autophagosome acidification and also autophagosome-lysosome fusion (46) . The autophagic inhibitor and Dp44mT (5 M) were implemented either alone or in combination, and their effects on the levels of LC3-II were investigated in PANC1 N1 cells relative to their PANC1 VC counterparts.
Incubation of PANC1 VC or N1 cells with bafilomycin A1 alone had no significant (p Ͼ 0.05) effect on NDRG1 expression relative to the control without this inhibitor (Fig. 4A ). In contrast, incubation with Dp44mT alone (5 M) significantly (p Ͻ 0.05) increased NDRG1 expression in VC cells but had not significant effect on its expression in N1 cells (Fig. 4A ). Examining LC3-II levels in PANC1 VC cells, Dp44mT alone significantly (p Ͻ 0.01) increased its expression relative to the control, whereas bafilomycin A1 alone was significantly (p Ͻ 0.001) more effective an increasing the level of LC3-II than Dp44mT alone (Fig. 4A ). The increase in LC3-II observed after incubation with bafilomycin A1 is indicative of the basal autophagic flux in cells, as it has been demonstrated that this agent is a late-stage autophagic inhibitor (46, 49) . After incubation with the combination of Dp44mT and bafilomycin A1, the increase in LC3-II levels was significantly (p Ͻ 0.01) greater than that observed relative to bafilomycin A1 or Dp44mT alone (Fig. 4, A  and B) . These results indicate the significant (p Ͻ 0.01) increase in LC3-II levels observed after combination of both these agents was due to Dp44mT enhancing autophagic initiation.
Examining PANC1 N1 cells under all treatment conditions assessed, the levels of LC3-II were significantly (p Ͻ 0.001-0.05) suppressed by NDRG1 overexpression relative to PANC1 VC cells (Fig. 4, A and B) . Nonetheless, a similar trend in the increase in LC3-II levels was observed in PANC1 N1 cells relative to the PANC1 VC cells, with LC3-II expression being significantly (p Ͻ 0.01-0.05) higher than the control after incubation with either Dp44mT or bafilomycin A1 or particularly the combination (Fig. 4, A and B) . The LC3-II expression in PANC1 N1 cells as a result of bafilomycin A1 treatment was significantly (p Ͻ 0.01) less than that observed after the same treatment of PANC1 VC cells (Fig. 4, A and B) . This observation suggested that NDRG1 suppresses the basal initiation of autophagy. Like the corresponding treatments in VC cells, after incubation of PANC1 N1 cells with the combination of Dp44mT and bafilomycin A1, there was slight but significant (p Ͻ 0.05) increase in LC3-II levels relative to bafilomycin A1 or Dp44mT alone (Fig. 4, A and B) . These latter data suggest NDRG1 suppresses the Dp44mT-mediated initiation of autophagy.
In additional experiments, another well characterized, latestage autophagic inhibitor, chloroquine, which affects intralysosomal degradation by preventing autophagosome acidification (46, 48) , was used to compare the effects observed with bafilomycin A1 (Fig. 4 , C and D). Assessing these results, chloroquine or bafilomycin A1 led to similar effects, suggesting Dp44mT stimulates initiation of autophagy and that NDRG1 suppresses this effect ( Fig. 4, A-D) . However, chloroquine did not inhibit late stage autophagy as much as bafilomycin A1, as suggested by the levels of LC3-II compared with the control after incubation with bafilomycin A1 (Fig. 4, A and B ) compared with chloroquine ( Fig. 4, C and D) . This observation could be explained by the ability of chloroquine to affect only intra-lysosomal degradation via preventing acidification of autolysosomes (46), compared with bafilomycin A1, which also inhibits autophagosome-lysosomal fusion (46, 49) .
Considering the findings with bafilomycin A1 and Dp44mT above, immunofluorescence studies ( Fig. 4E) were performed under the same experimental conditions as described in Fig. 4A . As found for the Western analysis examining LC3 expression ( Fig. 4A ), similar results were also observed using immunofluorescence ( Fig. 4E ). Incubation with bafilomycin A1 (100 nM) alone led to green punctate staining that was markedly more intense than that found for either untreated control cells or cells incubated with Dp44mT alone (5 M; Fig. 4E ). The num-ber of LC3-II-containing green puncta observed after incubation with bafilomycin A1 represents the basal level of autophagic flux (46, 48) . In good agreement with the Western results ( Fig. 4, A and B) , incubation with the combination of bafilomycin A1 (100 nM) and Dp44mT led to markedly greater green LC3 punctate staining than that observed with bafilomycin A1 or Dp44mT alone and was consistent with marked autophagosome formation (Fig. 4E ). In addition, these immunofluorescence studies demonstrate the intensity of punctate LC3 staining in N1 cells was substantially less than that observed in the corresponding treatments for VC cells (Fig. 4E) . Again, these results suggest that the basal autophagic flux is suppressed by NDRG1 overexpression.
DFO, but Not Its Iron Complex, Increases LC3-II, Whereas Dp44mT and Its Iron and Copper Complexes Elevate LC3-II Expression-Studies were then initiated to investigate the mechanism through which Dp44mT mediates its effects on autophagic pathway. Dp44mT is a potent iron chelator that displays marked membrane permeability and iron chelation efficacy in terms of inducing cellular iron efflux and inhibiting iron uptake from the serum iron-binding protein, transferrin (38) . However, once the ligand binds intracellular iron it becomes redox-active, and its effects can also be due to the generation of ROS (37, 38) . In contrast, DFO shows lower membrane permeability and iron chelation efficacy than Dp44mT due to its lower lipophilicity (38, 50, 51) , and once it has bound iron, the complex is redox-inactive and does not generate ROS (37) .
To dissect the mechanisms involved in the up-regulation of LC3-II expression observed with Dp44mT and the potential roles of iron chelation in this process, studies were initiated to compare the effects of DFO to Dp44mT. In all studies, DFO was used at 250 M due to its lower permeability and iron chelation efficacy (50, 51) , whereas Dp44mT was examined at 5 M. In addition, we also compared the effect of Dp44mT to its structurally related analog, Dp2mT (Fig. 1C ), which has been specifically designed so that it does not chelate iron or other metals and acts as an appropriate negative control compound (21, 38) .
Similar to the results found using Dp44mT and as demonstrated in previous studies (20) , DFO significantly (p Ͻ 0.01) increased NDRG1 expression (upper, ϳ44-kDa band only) in PANC1 VC cells relative to the control (Fig. 5A ). As evident after incubation of PANC1 N1 cells with Dp44mT (Fig. 2, A and  C) , DFO had no significant (p Ͼ 0.05) effect on NDRG1 expression due to the marked exogenous NDRG1 levels at 45 kDa (Fig.  5A ). In both PANC1 VC and N1 cells, Dp2mT (5 M) had no significant (p Ͼ 0.05) effect on NDRG1 expression relative to their respective controls (Fig. 5A ). Examining LC3-II expression in PANC1 VC cells, both Dp44mT and DFO significantly (p Ͻ 0.01) increased LC3-II levels, although Dp44mT was significantly (p Ͻ 0.01) more effective than DFO. In contrast, Dp2mT had no significant (p Ͼ 0.05) effect on LC3-II expression in PANC1 VC cells (Fig. 5A ). NDRG1 overexpression significantly (p Ͻ 0.05) suppressed the increase in LC3-II levels mediated by Dp44mT or DFO, although again, Dp2mT had no significant effect on LC3-II expression (Fig. 5, A and B) . Collectively, considering that Dp2mT cannot bind cellular iron (21, 38) and that DFO binds cellular iron without ROS generation (37) , these studies demonstrated that iron deprivation was involved in increasing LC3-II expression after incubation with chelators. These results were confirmed using immunofluorescence studies where 24 h of incubation with either Dp44mT or DFO increased LC3-II punctate staining in cells relative to the control in both PANC1 VC and PANC1 N1 cells, although again, NDRG1 suppressed LC3-II expression with both chelators ( Fig. 5C ).
Studies were then initiated to dissect the potential roles of iron deprivation and ROS generation in the increased LC3-II levels observed after incubation with Dp44mT ( Figs. 2-5 ). Initial experiments compared the effects of Dp44mT and DFO to their respective iron complexes, which are redox-active and redox-inactive, respectively (37) (Fig. 6, A-F) . Saturation of Dp44mT or DFO with iron leads to complexes that do not deplete cellular iron pools, and hence, these are relative controls to the ligands alone. To satisfy the coordination modes of these ligands to iron (27) , ligand:metal ratios of 2:1 and 1:1 were used for Dp44mT and DFO, respectively. In the case of Dp44mT, we also examined the effects of its copper(II) complex (Cu 2ϩ -Dp44mT) at a metal:ligand molar ratio of 1:1 to satisfy the coordination geometry of this interaction (52) . This was also important to assess, as Cu 2ϩ -Dp44mT plays a major role in the anti-proliferative efficacy of Dp44mT (53) .
Assessing PANC1 VC cells, both Dp44mT and its iron complex (Fe 3ϩ -(Dp44mT) 2 ) significantly (p Ͻ 0.01-0.05) increased NDRG1 and LC3-II expression relative to the control (Fig. 6, A  and B) . The Cu 2ϩ -Dp44mT complex (5 M) had no marked effect on NDRG1 but significantly (p Ͻ 0.05) increased LC3-II expression relative to the control, although at this concentration the agent was potently cytotoxic. Hence, further experiments were performed using lower levels (1 M; described in Fig. 6, C and D, below) . We observed a significant (p Ͻ 0.001-0.05) increase in the levels of LC3-II in PANC1 VC cells incubated with either Dp44mT (1 M) or its copper complex (1 M; Fig. 6, C and D) . As relevant controls to the metal-containing complexes, both Fe 3ϩ and Cu 2ϩ were added at stoichiometric equivalent concentrations and had no effect on the expression of all proteins compared with the relative controls using PANC1 VC and PANC1 N1 cells (Fig. 6, A-D) . In PANC1 N1 cells, both Dp44mT and Fe 3ϩ -(Dp44mT) 2 had no effect on NDRG1 expression relative to the control but significantly (p Ͻ 0.001-0.01) increased LC3-II (Fig. 6, A and B) . At the higher concentrations (5 M), Cu 2ϩ -Dp44mT markedly reduced NDRG1 overexpression in PANC1-N1 cells (Fig. 6, A and B) , which is consistent with its cytotoxic activity. In contrast, no significant (p Ͼ 0.05) effect of Cu 2ϩ -Dp44mT on NDRG1 overexpression was observed at a concentration of 1 M (Fig. 6, C  and D) . In PANC N1 cells, NDRG1 overexpression significantly (p Ͻ 0.001-0.05) suppressed the increase in LC3-II levels observed with Dp44mT, Fe 3ϩ -(Dp44mT) 2 , or Cu 2ϩ -Dp44mT compared with corresponding treatments in PANC1 VC cells ( Fig. 6, A-D) .
Experiments then examined the effect of DFO (250 M), which significantly (p Ͻ 0.05) increased NDRG1 but also LC3-II levels in PANC1 VC cells (Fig. 6, E and F) . In contrast, Fe 3ϩ -DFO had no significant effect at increasing NDRG1 or LC3-II relative to the control in PANC1 N1 cells. Additionally, compared with the relative controls, the Fe 3ϩ -DFO complex did not significantly (p Ͼ 0.05) affect NDRG1 or LC3-II expression in PANC1-VC or PANC1 N1 cells (Fig. 6, E and F) . These studies indicate that iron chelation is required to induce LC3-II expression, whereas for Dp44mT, the generation of its redox-active iron complex can also increase NDRG1 and LC3-II, and this ability may explain its greater effect relative to DFO.
NAC Decreases the Effect of Dp44mT on Inducing LC3-II Levels-To further elucidate the role of redox activity of Dp44mT in the up-regulation of LC3-II, studies were conducted to examine the effect of the anti-oxidant, N-acetylcysteine (NAC; 10 mM), which effectively inhibits the cytotoxic redox activity of Dp44mT (53) . As shown previously ( Fig. 2A) , Dp44mT (5 M) markedly and significantly (p Ͻ 0.01) increased LC3-II levels relative to the control, whereas NAC alone had no significant (p Ͼ 0.05) effect (Fig. 6, G and H) . Incubation of PANC1 VC cells with the combination of Dp44mT and NAC significantly (p Ͻ 0.01) decreased LC3-II expression relative to Dp44mT alone. The same trend of NAC, significantly (p Ͻ 0.05) decreasing LC3-II expression in the presence of Dp44mT, was also observed in PANC1 N1 cells (Fig. 6, G and H) . However, as shown previously, NDRG1 overexpression significantly (p Ͻ 0.05) reduced the Dp44mT-induced up-regulation of LC3-II in PANC1 N1 cells relative to PANC1 VC cells (Fig. 6, G and H) . These results are consistent with the hypothesis that Dp44mT-mediated redox activity plays an important role in increasing LC3-II expression. Furthermore, these observations explain the increased efficacy of Dp44mT at inducing autophagy relative to DFO, which does not form redox-active complexes.
NDRG1 Suppresses the PERK/eIF2␣ ER Stress Pathway-The ER stress pathway has been previously shown to play a vital role in the regulation of autophagy via the PERK/eIF2␣ axis (29, 31) .
To determine the role of this pathway in Dp44mT-mediated autophagic initiation, we examined the levels of key proteins (i.e. PERK and eIF2␣) involved in this process (Fig. 7 ). Both these proteins are activated by phosphorylation (54) , and hence, their phosphorylated and total levels were assayed to study the effect of NDRG1 and Dp44mT on the ER stress pathway. Incubation of PANC1 VC cells with Dp44mT (5 M) for 24 h significantly (p Ͻ 0.001) increased p-PERK levels compared with control cells, whereas there was no significant (p Ͼ 0.05) effect on total PERK expression ( Fig. 7, A and B) . As found for studies examining LC3-II levels (Fig. 2, A-D) , NDRG1 overexpression in PANC1 N1 cells significantly (p Ͻ 0.01) suppressed Dp44mT-mediated phosphorylation of PERK relative to the corresponding treatment of PANC1 VC cells (Fig. 7, A  and B ). There was a slight but significant (p Ͻ 0.05) suppression of total PERK levels in PANC1 N1 cells incubated with or without Dp44mT (Fig. 7, A and B) .
Phosphorylation of eIF2␣, which is a downstream target of PERK (55) , was also significantly (p Ͻ 0.05) increased by Dp44mT compared with the control in PANC1 VC cells (Fig. 7,  A and B) . Importantly, NDRG1 overexpression in PANC1 N1 cells significantly (p Ͻ 0.05) reduced the Dp44mT-mediated increase of p-eIF2␣ levels (Fig. 7, A and B) . However, in contrast, NDRG1 overexpression led to no significant (p Ͼ 0.05) alteration in total eIF2␣ levels ( Fig. 7, A and B) . These results demonstrate that Dp44mT can initiate the ER stress pathway via the PERK/eIF2␣ axis, and NDRG1 suppresses this pathway. Hence, these data can explain the observed effects of Dp44mT and NDRG1 on the initiation and suppression of autophagy, respectively.
To further elucidate the role of NDRG1 in suppressing PERK/eIF2␣ pathway, we used an established model of HCT116 cells with stably silenced NDRG1 (HCT116 sh-N1; Fig. 7 , C and D) as shown previously in Fig. 3B . These cells were compared with cells transfected with scrambled shRNA (HCT116 sh-VC). Silencing of NDRG1 significantly (p Ͻ 0.01) increased the levels of phosphorylated PERK in HCT116 sh-N1 cells relative to the corresponding treatment (control and Dp44mT) in sh-VC cells (Fig. 7, C and D) . Incubation of cells with Dp44mT also led to a significant (p Ͻ 0.01-0.05) increase in total PERK levels in both HCT116 sh-VC and sh-N1 cells compared with their respective controls. Furthermore, we observed significantly (p Ͻ 0.001) increased levels of p-eIF2␣ and the classical autophagy marker, LC3-II, in HCT116 sh-N1 cells treated with Dp44mT compared with corresponding treatment in HCT116 sh-VC. No significant change (p Ͼ 0.05) in levels of total eIF2␣ expression was observed under all incubation conditions. Together, these studies indicate that NDRG1 suppresses the PERK/eIF2␣ ER stress pathway. As this pathway is known to regulate autophagy, these results demonstrate a possible mechanism via which NDRG1 suppresses Dp44mT-mediated autophagic initiation. 
Dp44mT Increases LC3-II Initiation via Its Effect on the PERK/eIF2␣
Axis-To determine the role of PERK/eIF2␣ pathway in Dp44mT-mediated autophagic initiation, we studied the effect of silencing PERK via transient transfection of siRNA in PANC1 VC cells relative to transfection of a scrambled control (Fig. 7, E and F) . Silencing of PERK led to a marked and significant (p Ͻ 0.001-0.01) reduction in the expression of total PERK relative to the scrambled PANC1 VC control cells. As shown previously (Fig. 7, A and B) , NDRG1 overexpression in PANC1 N1 cells led to a significant (p Ͻ 0.01-0.05) decrease in total PERK levels (Fig. 7, E and F) as compared with corresponding treatments in PANC1 VC cells.
We then examined the effect of PERK silencing on the downstream target of PERK, namely eIF2␣ (Fig. 7, E and F) . In good agreement with studies in Fig. 7, A and B , Dp44mT significantly (p Ͻ 0.05) increased the levels of p-eIF2␣ relative to the control, and silencing PERK largely inhibited this effect (Fig. 7, E and F) . Moreover, PERK silencing also slightly decreased endogenous p-eIF2␣ levels relative to the scrambled control. As shown previously, NDRG1 overexpression in PANC1 N1 cells also significantly (p Ͻ 0.01) prevented the Dp44mT-mediated increase in p-eIF2␣ levels relative to the corresponding treatment in PANC1 VC cells (Fig. 7, E and F) . In contrast, there was no significant (p Ͼ 0.05) effect of either PERK silencing or NDRG1 overexpression on total eIF2␣ levels.
Next, we assessed the effect of PERK silencing on Dp44mTmediated increase in LC3-II levels in PANC1 VC cells (Fig. 7, E  and F) . In these studies silencing of PERK significantly (p Ͻ 0.01) reduced the Dp44mT-mediated increase in LC3-II expression relative to the scrambled control. Similarly, NDRG1 overexpression in PANC1 N1 cells also showed a marked and significant (p Ͻ 0.001) reduction in LC3-II levels in the presence and absence of Dp44mT relative to PANC1 VC cells (Fig.  7, E and F) . Collectively, the PERK/eIF2␣ ER stress pathway plays an important role in the Dp44mT-mediated induction of autophagy.
NDRG1 Suppresses Tunicamycin-and Serum Starvationmediated Accumulation of the ER-Stress Marker, eIF2␣, and the Autophagic Marker, LC3-II-Considering the effects of NDRG1 on Dp44mT-mediated ER stress and autophagy, we also examined whether NDRG1 affects the general cellular response to other classical stress stimuli. Tunicamycin (Tm) is well characterized to induce ER stress and autophagy via the PERK/eIF2␣ axis through its ability to inhibit N-linked glycosylation (29, 55) . As shown previously (Fig. 2, A-D) , incubation of PANC1 VC cells with Dp44mT significantly (p Ͻ 0.05) increased NDRG1 expression compared with the control (Fig.  8, A and B) . However, Tm did not have any significant (p Ͼ 0.05) effect on NDRG1 expression. In PANC1 N1 cells, incubation with Dp44mT had no significant effect on NDRG1 levels compared with the PANC1 N1 control, whereas Tm (2.5 and 5.0 g/ml) slightly, but significantly (p Ͻ 0.01), decreased NDRG1 expression relative to the control (Fig. 8, A and B) .
As found for Dp44mT, incubation of PANC1 VC cells with Tm significantly (p Ͻ 0.01) increased p-eIF2␣ and LC3-II levels compared with the control (Fig. 8, A and B) . However, although Tm acted similarly to Dp44mT in terms of its effect on p-eIF2␣ levels, it was significantly (p Ͻ 0.05) less active than the chelator at increasing LC3-II expression. Neither Dp44mT nor Tm had any significant effect on total eIF2␣ in either PANC1 VC or PANC1 N1 cells. Examining PANC1 N1 cells, NDRG1 overexpression significantly (p Ͻ 0.01-0.05) suppressed the increase in the levels of p-eIF2␣ and LC3-II mediated by Dp44mT or Tm (Fig. 8, A and B) . Considering the Western blot results assessing Tm in Fig. 8, A and B , immunofluorescence studies examining LC3 staining were then performed (Fig. 8C ). Incubation of PANC1 VC cells with Tm (5.0 g/ml) led to green punctate staining consistent with LC3-containing autophagosomes (Fig.  8C) . In contrast, upon incubation of PANC1 N1 cells with Tm, markedly less green punctate LC3 staining was observed relative to PANC1 VC cells. These results indicated that NDRG1 acts to suppress the stress stimulus from Tm in a similar way as that observed with Dp44mT, which led to suppressed expression of classical markers of ER stress and autophagy.
The data above indicate that NDRG1 had similar effects at suppressing the cellular response to very different stress stimuli, namely Dp44mT and Tm. To examine the hypothesis that the observed suppressive effects of NDRG1 on the ER stress response and autophagy was a general response, we assessed the effect of serum starvation. Starvation of serum induces the ER stress pathway by activating eIF2␣ phosphorylation and decreasing ATP levels and, thus, also stimulates autophagy (56) . Hence, PANC1 VC and N1 cells were serum-starved over incubations of 0.5, 1, and 2 h, which have been previously well characterized to induce autophagy (46) . Serum starvation of PANC1 VC cells over 1-2 h slightly but significantly (p Ͻ 0.05) increased expression of the 43-kDa NDRG1 band compared with the respective control (0 h; Fig. 8, D and E) . In contrast, this treatment had no significant (p Ͼ 0.05) effect on the expression of the endogenous or exogenous NDRG1 bands at 43 and 45 kDa in PANC1 N1 cells.
After serum starvation of PANC1 VC cells for 0.5 and 1 h, p-eIF2␣ levels were significantly (p Ͻ 0.05) enhanced relative to the control (0 h; Fig. 8, D and E) . Moreover, the level of p-eIF2␣ was highest after serum starvation of 1 h, there being a relative decrease at 2 h of starvation where the p-eIF2␣ levels were only slightly greater (p Ͼ 0.05) than the control (Fig. 8, D and E) . When comparing PANC1 VC to N1 cells, p-eIF2␣ levels were significantly (p Ͻ 0.01-0.05) suppressed by NDRG1 overexpression at all time points (Fig. 8, D and E) . Serum starvation had no effect on total eIF2␣ under all conditions.
Examining the autophagy marker, LC3, serum starvation of PANC1 VC cells led to significantly (p Ͻ 0.01) increased LC3-II levels after 1 h compared with the control (Fig. 8, D and E) . No significant difference in LC3-II (p Ͼ 0.05) expression was observed at either 0.5 or 2 h compared with the control (0 h). Overexpression of NDRG1 in PANC1 N1 cells led to significant (p Ͻ 0.05) suppression of LC3-II expression at the 1-h time point relative to that found in PANC1 VC cells (Fig. 8, D and E) . These findings after serum starvation for 1 h were also evident using immunofluorescence, where PANC1 VC cells showed increased LC3 punctate staining relative to the control cells (Fig. 8F) . Moreover, NDRG1 overexpression in PANC1 N1 cells markedly suppressed LC3 punctate staining after starvation relative to PANC1 VC under these conditions (Fig. 8F) . In summary, NDRG1 suppresses the response to stress induced by serum starvation, leading to decreased expression of LC3-II. Thus, the effect of NDRG1 at reducing autophagy and ER stress markers appears consistent among a variety of stress stimuli.
NDRG1 Expression Leads to Increased Susceptibility of PANC1 Cells to Dp44mT-induced Apoptosis-The studies above indicate that NDRG1 inhibits autophagy after a range of stress stimuli in a similar way to that observed with Dp44mT. As inhibition of autophagy would result in a decrease in the recycling of nutrients required for cellular metabolism and growth, it may be expected that there could be an increase in apoptosis under these conditions (28) . This could explain the anti-metastatic activity of NDRG1. To assess this, PANC1 VC and PANC1 N1 cells were incubated for 24 h at 37°C with a range of Dp44mT concentrations (5-50 M), and the effect on the expression of a series of classical apoptotic markers (57) was assessed.
To examine the effect of Dp44mT and NDRG1 on apoptosis, we examined the protein levels of active caspases 3 and 4. The levels of caspase-3 cleavage product (at 19 kDa) and caspase-4 were significantly (p Ͻ 0.001-0.05) increased under all conditions (control and all Dp44mT concentrations) in PANC1 N1 compared with control PANC1 VC cells (Fig. 9, A and B) . We then examined the levels of cleavage product of poly(ADP-ribose) polymerase (PARP), which is a known target for caspase-3 in vivo and is a classical marker of caspase-3 activity (58) . The increased levels of cleaved PARP were only observed in PANC1 VC cells at a Dp44mT concentration of 25-50 M (p Ͻ 0.05), whereas PARP cleavage was significantly (p Ͻ 0.01-0.001) increased in PANC1 N1 cells at a Dp44mT concentration of 15-50 M (Fig. 9, A and B) . There were marked and significantly (p Ͻ 0.001) higher levels of PARP in PANC1 N1 cells incubated with 50 M Dp44mT compared with PANC1 VC. Moreover, we demonstrated that caspase-3/7 activity was significantly (p Ͻ 0.05) higher in PANC1 N1 cells compared with PANC1 VC cells incubated with 50 M Dp44mT (Fig. 9C) . These results indicate higher susceptibility of PANC1 N1 cells toward apoptosis.
We further examined the effect of these incubation conditions on the expression of Bcl-2, which plays a role as an apoptosis antagonist (59) . We observed using PANC1 VC cells that Bcl-2 levels were initially increased relative to the control upon incubation with lower concentrations of Dp44mT (5-10 M; Fig. 9, A and B) . The levels of Bcl-2 then subsequently decreased but remained significantly (p Ͻ 0.01-0.05) greater than the control at Dp44mT concentrations of 15 and 50 M (Fig. 9, A  and B) . Bcl-2 was significantly (p Ͻ 0.001-0.05) decreased under all incubation conditions in PANC1 N1 cells relative to PANC1 VC cells ( Fig. 9, A and B) . In conclusion, these studies indicate that NDRG1 increases the induction of apoptosis after incubation with Dp44mT.
DISCUSSION
Autophagy plays a critical role in cellular metabolism and has also been shown to be an important process in cancer pathobiology depending upon the stage of the tumor (23, 26) . Moreover, autophagy has been shown to be induced as a protective mechanism after stress stimuli (24) . Interestingly, autophagy has also been linked to the process of metastasis due to its prosurvival role that is mediated through its ability to recycle crucial nutrients (22, 60) . The metastasis suppressor, NDRG1, has been shown to play a critical role in regulating cellular signaling (18 -21) , but its role in autophagy has not been defined. For the first time in this investigation NDRG1 has been demonstrated to inhibit autophagy-induced by a range of ER stress stimuli mediated through a mechanism involving suppression of the PERK/eIF2␣ axis of the unfolded protein response.
In this study, we have primarily examined the effect of the recently developed anti-tumor agent, Dp44mT, that chelates intracellular metal ions to form cytotoxic, redox-active iron and copper complexes (37, 38, 53) on ER stress-mediated autophagy. Intriguingly, this ligand acts to markedly up-regulate NDRG1 and has been shown to potently inhibit tumor cell growth and metastasis in vitro and in vivo (19, 21, 34) . Upon incubation with Dp44mT in a variety of tumor cell types, a marked and significant increase in the expression of both NDRG1 and the classical marker of autophagy, LC3-II, was observed.
Considering NDRG1 functions as a stress response gene (12) (13) (14) (15) and because autophagy is also known to be up-regulated during stress (24), we examined the nature of the relationship between Dp44mT-induced NDRG1 and LC3-II expression. In these studies we utilized NDRG1 overexpression and silencing models. Dp44mT initially induces NDRG1 and LC3-II levels and thus autophagic initiation after a 24-h incubation. In contrast, NDRG1 overexpression reduces Dp44mT-induced LC3-II levels over this time frame (Fig. 2 ). Although these observations may initially appear contradictory, it is important to note that the ability of Dp44mT to induce LC3-II/autophagy is suppressed by endogenous NDRG1 expression. This was demonstrated by showing that the silencing of endogenous NDRG1 (sh-N1) in cells incubated with Dp44mT leads to increased LC3-II levels relative to the sh-scrambled control (sh-VC; Fig. 3B ). Therefore, whereas NDRG1 and LC3-II are concurrently up-regulated by Dp44mT, NDRG1 nonetheless acts a suppressor of LC3-II expression/autophagy under conditions of stress. This can be rationalized by the emerging notion that NDRG1 is a stress-response protein, and consequently, its upregulation works to suppress stress-induced LC3-II expression and autophagy.
To investigate the stage of autophagic pathway at which these chelators have their effect, we employed late stage autophagy inhibitors bafilomycin A1 or chloroquine (46, 48) . By blocking the degradation stage of autophagy with bafilomycin A1 and chloroquine (46, 48) it was found that the increase in LC3-II levels observed after incubation with Dp44mT was due to increased synthesis rather than a decrease in degradation of LC3-II containing autophagosomes. Using these inhibitors we also demonstrated that NDRG1 suppresses both basal as well as Dp44mT-induced autophagic initiation (Fig. 4) .
Previous studies have shown that Dp44mT exerts its antimetastatic effects via a "double punch" mechanism, whereby this agent forms redox active iron or copper complexes resulting in the generation of free radicals (37, 38, 53) . Additional experiments were initiated to understand the role of both iron depletion and redox activity in Dp44mT-mediated autophagic up-regulation. The formation of redox active Dp44mT metal complexes (37, 53) leads to hydroxyl radical generation from hydrogen peroxide (61) . Our current studies show that the antioxidant NAC decreases the efficacy of Dp44mT at inducing the downstream indicator of ER stress, LC3-II, in PANC1 VC and PANC1 N1 cells (Fig. 6G) . A previous investigation from our laboratory also demonstrated the efficacy of NAC at inhibiting the redox activity of Dp44mT-metal complexes (53) . Thus, peroxide-generated hydroxyl radicals in part induce ER stress and autophagy observed after incubation with Dp44mT. However, as NAC does not totally prevent the up-regulation of LC3-II (Fig. 6G ), this suggests that iron depletion by Dp44mT also leads to ER stress and up-regulated LC3-II. Hence, the combined effect of Dp44mT in depleting cellular iron and generat-ing redox-active complexes is important in inducing ER stress. The role of iron depletion alone in increasing ER stress-mediated LC3-II expression was demonstrated using DFO. In these experiments, DFO, which binds cellular iron to form redoxinactive complexes, induced ER stress-mediated LC3-II expression, whereas its iron complex did not (Fig. 6E ). Previous studies have shown that hydrogen peroxide initiates ER stress (as demonstrated by increased p-eIF2␣), whereas incubation with NAC reduced elevated p-eIF2␣ levels (62) . In summary, redox activity resulted in ER stress, which can be prevented by antioxidants such as NAC, but iron depletion alone is also sufficient to induce ER stress-mediated LC3-II expression.
A variety of stress stimuli including tunicamycin, serum starvation, and iron depletion mediated by DFO also demonstrated a similar response in terms of the decrease of LC3-II levels by NDRG1 expression. These later observations indicated the effect of NDRG1 on potentially suppressing the autophagic pathway was not only limited to Dp44mT-mediated stress. Of relevance, previous studies have demonstrated that c-Myc and N-myc promote ER stress-mediated autophagy (29) , and both of these proto-oncogenes are known to inhibit NDRG1 expression (63) . However, this previous work by others did not elucidate the downstream mechanism described herein, indicating that NDRG1 suppresses autophagy via inhibition of an ER stress pathway.
To understand the mechanism involved in NDRG1-mediated suppression of autophagy, our studies focused initially on the PERK-eIF2␣ axis of the unfolded protein response that plays a role in regulating autophagy (29, 31) . We demonstrated that Dp44mT increases the phosphorylation of PERK/eIF2␣, whereas NDRG1 overexpression decreased phosphorylation of these proteins. In contrast, silencing of NDRG1 led to increased PERK phosphorylation (Fig. 7, C and D) . This observation may be explained by previous studies demonstrating that c-myc and N-myc promote ER stress-mediated autophagy (29) , potentially by down-regulation of NDRG1. Furthermore, inhibition of the PERK/eIF2␣ axis by silencing PERK showed similar effects as NDRG1 overexpression. That is, there was a decrease in LC3-II levels in response to incubation with Dp44mT. These observations illustrate the importance of PERK and eIF2␣ in NDRG1mediated suppression of the autophagic response.
There are Ͼ20 well characterized metastasis suppressor proteins (64, 65) , but their interactions with important cell survival pathways such as autophagy have not been comprehensively investigated. However, studies assessing the metastasis suppressor, KAI1, have demonstrated that its overexpression induces autophagy, which is in direct contrast to the current work examining NDRG1 (66) . Hence, these investigations indicate the differential effect of metastasis suppressors on autophagy that could be dependent on tumor stage, tumor type, and tumor microenvironment.
There has been increasing evidence suggesting an important role for autophagy in promoting metastatic progression, particularly in established tumors (60) . Clinical studies have shown a positive correlation between increased autophagy and patients suffering from highly metastatic pancreatic and colon cancer with a poor prognosis (67, 68) . A significant recent investigation has demonstrated a critical role of ROCK1 kinase in the regulation of beclin1-mediated autophagy (69) . Our previous studies have shown that NDRG1 mediates its metastatic suppressor functions via suppression of ROCK1 kinase (19) . Furthermore, the NDRG1 target, neural-precursor-cell-expressed developmentally down-regulated 4 (Nedd4; Ref. 20) , polyubiquitinates the autophagy initiator, Beclin-1 (70), leading to its proteasomal degradation and, thus, inhibition of autophagy. These studies suggest a potential role of ROCK1 kinase and Nedd4 in the mechanism of autophagic suppression via NDRG1 documented herein.
A number of other investigations have demonstrated the importance of autophagy in metastatic progression via modulation of key steps involved in the metastasis-invasion cascade. Studies have shown that autophagy plays a protective role in cells undergoing anoikis due to extracellular matrix detachment, as observed in metastatic cells (71) . Other reports suggest involvement of the autophagic inducer, ␤-1 integrin, in the survival of dormant cells (72) . These dormancy characteristics are usually observed in cancer cells that undergo metastasis to form micro-metastases in distal host microenvironments (73) . Thus, autophagy under these conditions may promote the survival of dormant cancer cells in distant tissues and can lead to tumor progression at a later stage.
An important aspect in understanding the marked anti-metastatic effect of NDRG1 after treatment with Dp44mT in vitro (19, 21) and in vivo (34) may be related to its ability to induce apoptosis markers and decrease the apoptosis antagonist, Bcl-2 ( Fig. 9 ). This can be suggested to be due in part to the ability of NDRG1 to suppress autophagy after incubation with iron chelators (Figs. 2-5 ), which would decrease recycling of nutrients to facilitate apoptotic cell death. Previous studies examining NDRG1 have demonstrated that this protein is necessary, but not sufficient, for p53-mediated caspase activation and apoptosis (74) . Furthermore, using pancreatic cancer cells, it has been demonstrated that NDRG1 inhibits pancreatic cancer growth in vitro and in vivo by induction of apoptosis, although the mechanism involved was not deciphered (75) . Clearly, understanding the mechanism of action of Dp44mT is crucial, as such ligands are actively being developed to enter clinical trials (44) , and understanding their efficacy could lead to the creation of improved agents.
In conclusion, this is the first investigation to establish the mechanistic relationship between NDRG1 and ER stress-mediated autophagy (Fig. 10 ). This process occurs through an interaction between NDRG1 and the PERK/eIF2␣ axis and is evident for a variety of stress stimuli, including iron-deprivation, ROS generation, tunicamycin treatment, and serum starvation. The suppression of autophagy could be a significant factor in the ability of NDRG1 to induce apoptosis. Hence, this investigation is important for further understanding the mechanisms by which NDRG1 can exert suppression of metastasis. FIGURE 10 . Schematic overview of relationships between the ER stress pathway, autophagy, and NDRG1. Stress stimuli are known to lead to the phosphorylation of PERK and its downstream effector eIF2␣, which can lead to autophagic initiation through phagophore formation. This latter process involves the conversion of LC3-I into LC3-II and its incorporation into the phagophore membrane (27) . Iron chelators can increase expression of the metastasis suppressor NDRG1 through HIF1␣-dependent and -independent pathways (14, 36) . The current study demonstrates that NDRG1 suppresses LC3-II expression and the formation of autophagosomes containing this latter protein. It also demonstrated that NDRG1 increases the susceptibility of the cell toward apoptosis. Thus, it is hypothesized that the NDRG1-mediated decrease in the autophagic flux results in decreased nutrient recycling that could play a role in the ability of NDRG1 to enhance apoptosis and inhibit metastasis.
